Salt marshes are among the most abundant, fertile, and accessible coastal habitats on earth, and they provide more ecosystem services to coastal populations than any other environment. Since the Middle Ages, humans have manipulated salt marshes at a grand scale, altering species composition, distribution, and ecosystem function. Here, we review historic and contemporary human activities in marsh ecosystems-exploitation of plant products; conversion to farmland, salt works, and urban land; introduction of non-native species; alteration of coastal hydrology; and metal and nutrient pollution. Unexpectedly, diverse types of impacts can have a similar consequence, turning salt marsh food webs upside down, dramatically increasing top down control. Of the various impacts, invasive species, runaway consumer effects, and sea level rise represent the greatest threats to salt marsh ecosystems. We conclude that the best way to protect salt marshes and the services they provide is through the integrated approach of ecosystem-based management.
INTRODUCTION
Humans have influenced all land, marine, and aquatic ecosystems on earth (Vitousek et al. 1997) . Here, we evaluate the global distribution and extent of human impacts on the structure and function of coastal salt marshes. More than 40% of the world's population resides on the world's coasts, which account for just 4% of the land surface (UNEP 2006) . This hyperconcentration at the land-sea interface strains coastal ecological services, particularly in coastal wetlands, which provide more ecological services than any other coastal environment (UNEP 2006) . Not surprisingly, salt marshes have experienced intense and varied human impacts that range from reclamation, waste disposal, and livestock grazing to less obvious contemporary impacts, such as restoration efforts that are again changing the face of marshes, reflecting a new appreciation for natural ecological services . The perception of marshes in scientific circles as the quintessential mediators of human impacts is also changing. No longer can these systems be viewed as swampy wastelands, used to buffer and ameliorate human impacts along the coast. Instead, salt marshes now must be understood as highly valuable habitats whose worth is generated by a suite of ecosystem services that are critical in sustaining healthy lifestyles for coastal populations and the natural resources they depend on.
Vulnerability of Salt Marshes to Human Impacts and Manipulation
Salt marshes have long attracted human settlement; documented use of salt marshes for fishing and livestock grazing date to the Neolithic in the North and Wadden Seas (Knottnerus 2005 , Meier 2004 ). The cradle of civilization and birthplace of agriculture is thought to be the Mesopotamian tidal marshes (Sanlaville 2002) . In North America, colonists settled harbors with abundant salt marsh in the St. Lawrence, Massachusetts and Plymouth Bays, Bay of Fundy, and Long Island Sound (Hatvany 2003 , Russell 1976 , Sebold 1998 ) and used ancestral European agricultural practices to develop them (Butzer 2002) .
Many features of salt marshes make them attractive to human populations. Salt marshes are among the most common and extensive intertidal habitats along many temperate coastlines (Chapman 1977) and have a low topography, often spanning only a few meters in elevation over thousands of meters of area. Across this simple topography rocks are rare, making salt marshes targets for conversion to arable land, coastal development, and harbors. Easy access by land and water has facilitated the exploitation of natural resources in these key coastal communities.
Owing to the coupling of salt marsh accretion with hydrodynamic processes, human manipulation of water resources and passages to establish permanent water supplies and navigable waterways has often had severe consequences, altering sediment supply and dramatically affecting plant distributions and biogeochemistry. For example, dikes and dams, engineered structures that restrict the flow of water to the marsh, deny the salt marsh sediment and ultimately lead to salt marsh subsidence (Portnoy & Giblin 1997) . To build land and protect the coast, people have exploited the connection between salt marsh vegetation, water flow, and sediment accretion by using salt marsh plants, many of which are excellent ecosystem engineers (sensu Jones et al. 1997) , to modify water flow, trap sediments, and accrete the marsh foundation. People have often employed the most effective engineering plants for this purpose, whether native or non-native. Introduction of salt marsh species for coastal defense has led to large-scale invasions of many grasses, mostly from a single cosmopolitan genus, Spartina (Daehler & Strong 1996) .
The plants of salt marshes are readily harvested owing to the remarkable primary productivity of salt marshes (Mitsch & Gosselink 2000) and their striking plant zonation, forming monocultures of robust natural plant products. Consequently, salt marsh plants have frequently been used for a Dollar values were adjusted for inflation from original data, presented in 1994 dollars (Costanza et al. 1997) . The adjustment was done with the U.S. Department of Labor Inflation Calculator, which uses the Consumer Price Index to correct values through time. Please see Costanza et al. (1997) for valuation methods and note that this valuation method is not universally accepted by economists, see Bockstael et al. (2000) .
feed in salt marshes, where recreational hunters and birdwatchers follow their movements (UNEP 2006) . As global climate change intensifies, the service of carbon storage performed by salt marshes gains importance, particularly at higher latitudes where carbon release by decomposition is slower and salt marshes are effective carbon sinks (Chmura et al. 2003) .
Humans have long recognized that salt marshes generate these services and many others, but marshes have often been misused by managers seeking to exploit nonrenewable services. For instance, reclamation of salt marsh for upland uses provides a vital service to humans in added land, but the cost of reclamation is extraordinary if one accounts for the lost ecosystem services of natural marsh. The result is a net loss for society (Table 1) . When managers try to maximize only one ecosystem service, poor decisions are made, such as the introduction of invasive species of Spartina for coastal protection, which has compromised the provisioning of natural Chinese salt marshes ). Alternatives, opportunity costs, and maximization of value, including all ecosystem services combined, must now be incorporated into salt marsh management schemes.
IMPACTS
Large efforts have been made to evaluate and remediate human impacts on marshes. In this review, we evaluate and summarize multiple human threats to marshes in a historical context. The interpretation of the term threat is, of course, subjective. From different perspectives, changes in salt marshes can be seen as positive or negative, and the perception of many human impacts in salt marshes has changed over time. For example, what has in earlier eras been viewed as the improvement of wasteland (land reclamation) has later been characterized as habitat loss (land conversion).
We discuss human actions in salt marshes and their associated impacts, and we contextualize these impacts in terms of their effect on ecosystem services. For each general category of human action (resource exploitation and extraction, land conversion, species introductions, hydrologic alteration, pollution, changes in consumer control, and climate change), we first describe the human activity and its history, and then discuss impacts of the activity on plant and animal communities, marsh biogeochemistry, and surrounding habitats. Finally, we end with a discussion of restoration and management techniques that attempt to undo or compensate for previous human impacts in salt marshes.
Resource Exploitation and Extraction
The most common use of salt marshes around the world has been as pasturelands for livestock (e.g., cattle, sheep, goats, and horses) (Knottnerus 2005) , a practice that has not notably impacted ecosystem services, but that has in some cases made observable changes to species composition and animal populations. This practice is still common in China, Chile, and Europe, although it has become rare in Canada and the United States (Hatvany 2003 , Sebold 1992 . In the late 1800s along the St. Lawrence in Canada, marshland was valuable farmland. Marsh-holding farmers (including those with reclaimed marshland) supported 45% more livestock, on average, than non-marshholding farmers (Hatvany 2003) . Spartina patens was considered highly nutritious fodder and was harvested annually in the United States and Canada-hence its common name, salt marsh hay (Sebold 1992) . The products of marsh farms have often been considered to be of high quality and even delicacies; butter made from the milk of cows grazed on salt hay in the St. Lawrence Estuary enjoyed a gourmet boutique status in the late 1800s (Hatvany 2003) , and salt marsh-fed lamb is still advertised as a French delicacy (LeJemtel Hostle 2004) .
Beyond use as fodder, salt marsh plant products have been used as animal bedding, thatch (Phragmites australis, still used in England; Kiviat & Hamilton 2001) , rope (S. patens; Seasholes 2003 , Sebold 1992 (Figure 1i ), packing for pottery, metal and icehouse insulation (S. patens), and a nearly weedless mulch (S. patens, wrack, or Ulva; Sebold 1992) . Native Americans used the reed P. australis for an astounding diversity of products including musical instruments, baskets, arrowshafts, and cigarette casings (Kiviat & Hamilton 2001) .
In the face of these impacts, salt marshes have proved to be surprisingly resilient. In the far north marsh communities of the Baltic, grazing favors halophytic plant species by allowing shortstatured halophytes to compete for light and by compacting the soil, which results in higher soil salinities (Dijkema 1990 ). Despite such notable effects on plant community composition, the continued productivity of grazed and harvested salt marsh vegetation demonstrates the resilience and high productivity of salt marshes. Turner (1987) found trampling by grazers to have more significant effects than biomass removal, and salt marsh sites were able to withstand intense grazing. Perhaps the seasonality of marsh plants at higher latitudes contributes to this resilience; mid-season removal of biomass does not seem to disrupt plant re-emergence and apparently does not result in the buildup of hypersalinities that would impede plant regrowth. The fact that many salt marsh plants reproduce clonally, with little seed-driven reproduction, is likely of key importance to plant resilience. Levin et al. (2002) suggested that salt marsh plants may have an evolutionary history that included grazing by now-extinct Pleistocene mammals.
Impacts of grazing on vegetation, however, can have ripple effects in salt marsh animal communities. Horse grazing can affect the use of marshes by birds and crabs, reducing the number of ground nesting birds, but positively affecting the abundance of bird and crab consumers by trimming away the grass canopy and exposing fish and invertebrate prey ). In the Netherlands, grazing of livestock in marshes affects plant species composition and reduces vegetation height, making the marshes more attractive to herbivorous geese (Bos et al. 2005) . Grazing management techniques can have the same effect. In Argentina, salt marshes are burned to improve cattle forage, which reduces cordgrass height, plant species richness, and bird abundance (Isacch et al. 2004) . There is no record of grazing impacts affecting neighboring habitats, although clearly impacts on transitory birds, fish, and invertebrates may spill over.
Land Conversion
The conversion of marshland to upland was historically undertaken for agricultural purposes, but in the past century it has mainly occurred for urban development. In some cases, human action The has inadvertently increased salt marsh area, as during the 1850s Gold Rush in California when upland erosion from hydraulic mining resulted in the formation of an estimated 7500 ha of new marsh in San Francisco Bay (Atwater et al. 1979) . Deforestation of the eastern United States in the nineteenth and twentieth centuries had a similar effect on sediment supply and salt marsh accretion (Ward et al. 1998) . Further investigation will likely show that marsh formation was enhanced wherever major deforestation occurred (Williams 2006 , Yoshinobu 1998 . However, overall humans have caused a net loss of salt marsh area; in San Francisco Bay losses exceed 200,000 ha (Atwater et al. 1979) . In a study of 12 of the world's largest estuaries, Lotze et al. (2006) found a 67% loss of coastal wetlands during human history.
Agricultural transformations. The fertile soils of salt marshes were already being co-opted for upland agriculture by the eleventh century, when farmers in the Netherlands and France began building dikes for agricultural conversion and flood protection (Knottnerus 2005 , Reise 2005 , and the date may have been even earlier in China (Yoshinobu 1998) . These reclamation practices were exported to North America by European colonists in the early 1600s (Butzer 2002) (Figure 1a ). In the United States, farmers shifted from using natural marsh products to marsh reclamation when farming changed from a subsistence to market-oriented practice and it proved more profitable to convert salt marsh to upland for growing English hay (Sebold 1998) . Diking was also used as a land-building technology. In shallow estuaries with high sedimentation rates, salt marshes rapidly developed on the seaward side of dikes. As the marsh expanded, new dikes were added to continue the process, leaving a serial pattern of marsh succession (e.g., Doody 1992). Dijkema (1987) evaluated the extent of diking activities and concluded that since 1800 the Dutch Wadden Sea has experienced a salt marsh gain of 1500 ha on islands and net loss of 5000 ha on the mainland, for a nationwide net loss of 3500 ha. Another way to evaluate the impact of diking is by the area of reclaimed lands, because most were converted from marsh. By these estimates, reclaimed areas are astonishingly large (Table 2) , amounting to 550,000 ha in the Dutch Wadden Sea (Powers & Teeter 1922) . In some places, diking practices have continued in recent years; Sun et al. (2003) discuss the immediate impacts of a dike installed in the Chianjiang Estuary in eastern China in 1998.
If the reclaimed marsh is not actively cultivated, the diking and accompanied drainage still have large ecological consequences, disrupting salinity gradients and causing an abrupt transition from halophytic vegetation to brackish and freshwater species, often P. australis or Typha angustifolia (Roman et al. 1984) . This pattern stands in stark contrast to natural landscape-scale estuarine salinity gradients where plant species composition and dominance shift gradually (Crain et al. The year of last reported activity is constrained by the publication year of the cited reference. c A large restoration project is underway presently in Delaware Bay that will revert 1779 ha of diked marsh.
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2004, Odum 1988) . Along the Dutch coast, brackish and fresh tidal marshes have been entirely eliminated (Reise 2005) , and brackish habitat specialists, both plant and animal, have likely also been lost. The biogeochemistry of salt marsh soils, naturally characterized by slow sulfate reduction decomposition and tidal flushing of metabolic toxins (Mendelssohn & Morris 1999) , is also altered by diking. Behind dikes, toxic sulfides accumulate in undrained areas. Diked and drained marsh soils become acidified and organic matter is more rapidly oxidized (Portnoy 1999) . Sediment starvation and increased decomposition behind dikes causes subsidence of the marsh surface (Portnoy & Giblin 1997) .
The landward effects of dikes are visually striking, but diking effects extend seaward as well. Hood (2004) found that the surface area of tidal channels is reduced seaward of dikes and channels become straighter and wider. Doody (1992) and Reise (2005) describe intertidal squeeze, where sediment supply outside of dikes cannot maintain all intertidal habitats and salt marshes begin to replace seaward tidal flats and seagrass beds. In the Wadden Sea, where diking impacts have been extreme, loss of intertidal habitats has endangered and extirpated many marine species (Lotze 2005) .
Salt production. A precious commodity throughout history, salt has long been extracted in massive quantities from salt marshes, and production and extraction processes have converted large areas of marshland. Commercial salt extraction in marshes dates back at least to the seventh century in the Netherlands and France (Knottnerus 2005) . In arid southern Europe, salt production required conversion of salt marsh to solar evaporative salt ponds, some of which still operate, producing the famous fleur de sel in France (Laszlo 2001) . In cooler northern Europe, salt was collected from salt marshes by peat harvest and burning (Bridbury 1955) . For this purpose, marshes were drained with the aid of the iconic Dutch windmill (Hoeksema 2007) . At the same site, livestock were grazed on marsh grass, and after slaughter, marsh salt was used to preserve meat that was loaded onto ships and sent to market.
As with cultivated reclaimed land, the plant and animal communities from marshes converted to salt works have been lost, and dikes built to maintain salt works have led to subsidence, exacerbated by removal of peat for salt harvest. On the Dutch coast, peat removal for salt production and combustion fuel contributed to subsidence of the land by 2-5 m behind dikes (Hoeksema 2007) . Many former salt works were eventually flooded and are now coastal inlets (Bridbury 1955 , Reise 2005 . Approximately two thirds of the Netherlands is at or below sea level today and would be flooded without coastal engineering (Figure 1g) .
More recently, conversion of marsh for evaporative salt ponds has had a large impact on the California coast (Figure 1b) . In the early twentieth century, 120 ha in Monterey Bay (Van Dyke & Wasson 2005) and 507 ha near San Diego (Zedler 1996) were converted to salt works. The Monterey Bay Salt Works has since dissolved and the levees failed, but the marsh remains severely degraded. Currently, western Australia is the world's leading producer of solar salt, and salt marsh, tidal flat, and mangrove areas are still being converted (Adam 2002) .
Urban and industrial land use. Many areas that were formerly diked farmland or salt works were later irreversibly transformed into urban, residential, and industrial land. Large coastal cities such as Boston, San Francisco, Amsterdam, Rotterdam, Venice, and Tokyo expanded onto former salt marshes. Marsh loss due to urban and industrial conversion exploded after 1950, when industrial and port complexes expanded to accommodate supertankers, oil and gas storage, and raw material processing (Pinder & Witherick 1990) . For example, 7000 ha of coastal marsh and lagoon were lost during port expansion in Marseilles, France between 1965 and 1975 (Pinder & Witherick 1990 ).
As U.S. cities grew, salt marshes were used for waste disposal and later filled. In the New York City area, the Hackensack Meadowlands were used as a landfill and ultimately 72% (nearly 2000 ha) was converted to a sports complex, industrial land, transportation and communication facilities, and open water between 1966 facilities, and open water between and 1985 facilities, and open water between (Tiner et al. 2002 . In New York and Boston, major airports were built on filled marshlands. In Greater Boston, 81% of salt marsh coverage in 1777 has been lost, and marsh loss across all New England (estimated at 39% loss since the early 1800s) is highly correlated to urban expansion (Bromberg & Bertness 2005) . Since approximately 1970, urban and industrial reclamation of coastal marsh has slowed in western countries, where environmental advocates have championed wetland conservation and helped promote legislation that protects marshes, in part by arguing for the merits of ecosystem services provided by healthy marshes. However, in Asia, where population growth and land demand on the coast are intense, reclamation of salt marshes continues. In Hong Kong alone, Pinder & Witherick (1990) estimate that 2400 ha of wetlands have been reclaimed since 1973. Wherever salt marsh loss continues, whether for industrial growth (e.g., Rotterdam; Figure 1h ), livestock farming (e.g., China), or salt production (e.g., Australia), salt marsh plant and animal communities and ecosystem services to coastal populations are compromised.
Species Introductions and Invasive Species
With high productivity, tolerance of waterlogged and anoxic conditions, and peat-building capabilities, introduced salt marsh plants have been popular additions to coastal areas. Nearly all intertidal Spartina species have been introduced in one place or another (Daehler & Strong 1996) , beginning with the introduction of the hybrid species Spartina anglica (the result of chromosome doubling in S. townsendii, a cross of S. alterniflora × maritima) in English salt marshes in 1870 (Ranwell 1967 , Raybould et al. 1991 . S. anglica rapidly colonizes mudflats and was planted for coastal engineering and defense (Ranwell 1967) . S. anglica has displaced native Zostera marina on British coasts, Puccinellia maritima on Dutch coasts (Daehler & Strong 1996) , and mudflat, seagrass, mangrove, and marsh habitats in southern Australia (Kriwoken & Hedge 2000) . Introduced S. anglica has not been as aggressive in Chinese marshes, but S. alterniflora, also non-native to China, outcompetes native P. australis and Scirpus mariqueter (Figure 1 f ) . In Mediterranean salt marshes, S. densiflora, native to the arid marshes of South America, is displacing native plants at all intertidal elevations (Nieva et al. 2005 ).
An aggressive, European P. australis haplotype has increased in abundance in North American marshes over the past century, outcompeting native plants (Minchinton et al. 2006 , Orson 1999 , Saltonstall 2002 . P. australis responds positively to low salinity, high nutrient, and disturbed conditions (Chambers et al. 1999 , Minchinton & Bertness 2003 , and it has been especially successful at overtaking human-dominated and low salinity marshes , Silliman & Bertness 2004 . In general, nutrient enrichment favors invaders over native plant species in salt marshes (P. australis, Bertness et al. 2002; S. alterniflora × foliosa, Tyler et al. 2007) , such that species invasions are more likely in marshes impacted by nutrient pollution.
Salt cedars, Tamarix spp., have recently invaded U.S. Pacific coast salt marshes (Whitcraft et al. 2007 ). The trees are salt tolerant and notably disrupt water cycling in riparian wetlands (Zedler & Kercher 2004) . In salt marshes, Tamarix invasion converts succulent plant communities less than 1 m in stature into woody-dominated communities with a 3-m canopy (Whitcraft et al. 2007) .
These plant invasions significantly affect salt marsh animal communities. P. australis reduces aquatic habitat quality by infilling small streams and ponds and raising the marsh platform, and it is less palatable to animal consumers than other marsh plants (Zedler & Kercher 2004 Weis & Weis (2003) found that invasive P. australis stands had reduced epifaunal and mummichog densities. Reduced biodiversity of invertebrate species is associated with S. alterniflora invasion in China ) and with S. alterniflora × foliosa invasion in California (Brusati & Grosholz 2006) . Where S. alterniflora × foliosa has invaded mudflats in California, effects of the grass on the physiochemical and hydrodynamic environment, as well as detritus quality and availability, have greatly disrupted trophic structure .
Many non-native animals were introduced unintentionally to salt marshes via ballast water disposal by ships. Similar to plant invasions, invasive animals have had powerful effects on both plant and animal communities, particularly in the case of exotic ecosystem engineers. Musculista senhousia, an exotic mussel to the Pacific coast of the United States, colonizes marshes and mudflats and creates hard substrate in previously soft sediment environments. The structural engineering of M. senhousia changes invertebrate communities, with enhanced densities of some species and diminished densities of native clams (Crooks 2001) . The burrowing isopod Sphaeroma quoyanum was also unintentionally introduced to the U.S. Pacific coast, where its intense burrowing causes erosion at the marsh edge. Talley et al. (2001) estimated that in San Francisco Bay the marsh edge has been pushed back dozens of meters by S. quoyanum burrowing, making the invasive isopod a significant cause of marsh loss. Nutria, Myocaster coypus, introduced to the U.S. Gulf coast for fur farming, also contribute to marsh loss. The burrowing and foraging activities of this rodent depress soil accretion processes, ultimately leading to submergence of marshes with low sediment supply (Ford & Grace 1998) .
Engineering capacity has been linked to the transformational impact of invasive species in their non-native ranges for both plants and animals (Brusati & Grosholz 2006 , Crooks 2002 . Invaders that alter the physical structure of the marsh environment, such as S. alterniflora, P. australis, and M. senhousia, have predictably strong effects on infaunal organisms (Brusati & Grosholz 2006 , Crooks & Khim 1999 , Zedler & Kercher 2004 .
Hydrologic Alteration
Salt marsh ecology is tied to hydrology in many ways. Freshwater runoff, groundwater inputs, and tidal flooding are important for sediment and nutrient delivery and plant water supply. Tidal inundation and flushing govern a fluctuating salinity and oxygen regime that is a critical determinant of plant productivity (Mendelssohn & Morris 1999 ) and microbial production of sulfide and methane (Bartlett et al. 1987 , Magenheimer et al. 1996 . Human disruption of natural hydrologic patterns has affected natural biogeochemical cycling and plant communities.
Ditching. Salt marsh farmers often altered their land with shovel-dug drainage ditches, which increased the production of salt marsh hay (Sebold 1998) . The invention in the 1800s of doublebladed saws and in the early 1900s of ditch-digging machines sped ditch construction (Sebold 1998) . Beginning in 1904, intensive ditching was employed for mosquito control in the eastern United States (Smith 1904) . Ditches control mosquito populations by draining off pooled waters where mosquito larvae develop and by allowing fish to feed on mosquito prey during high tides. Many large ditching projects were accomplished by work relief programs during the Great Depression (Stearns & MacCreary 1936) . During this period, many marshes were extensively ditched in parallel grid patterns, even in low marsh areas that were never suitable mosquito habitat (Provost 1977) . Greater than 90% of all salt marshes in the U.S. northeast are ditched (Bourn & Cottam 1950, Crain et al. in press ). Southeastern U.S. and California sites have been heavily ditched in more recent decades (e.g., Resh 2001) . A similar technique, runnelling, has been applied in Australia (Hulsman et al. 1989 ).
The immediate effect of ditches is to create more tidal aquatic habitat at the expense of tidal terrestrial habitat. Ditches ameliorate waterlogging stress in the high marsh, with peat drainage up to 5 m away from ditches (Crain et al. in press, Daigh et al. 1938) . By increasing tidal flushing frequency, ditches ameliorate anoxic stress and increase plant productivity near ditch banks (Shisler & Jobbins 1977) . Ditches have caused shifts in salt marsh vegetation that favor high marsh species, which are better belowground competitors when anoxic and saline stresses are reduced (Bertness & Ellison 1987) . In response to ditching in one Delaware marsh, S. alterniflora gave way to high marsh S. patens and the woody shrubs Iva frutescens and Baccharis halimifolia, often found on well-drained soils (Bourn & Cottam 1950) . Ewanchuk & Bertness (2004) hypothesized that the absence of waterlogged forb panne communities in southern New England salt marshes is a result of intensive ditching.
Animal communities have had mixed responses to ditching; subtidal and intertidal animals such as fiddler crabs and fish are generally positively affected by the increase in habitat area and access to prey (Lesser et al. 1976 , Valiela et al. 1977 , and semiaquatic organisms such as dragonflies and water beetles are negatively affected by the loss of habitat and increase in predators (Bourn & Cottam 1950 , Resh 2001 , although other studies show invertebrates are unaffected by ditching (Clarke et al. 1984) .
Ecosystem-wide impacts of ditching on biogeochemical cycles and marsh accretion processes have not been thoroughly explored. Intensive ditching affects hydrology at a landscape level, altering channel formation and simplifying drainage networks (C.C. Bohlen, unpublished data). Ditched marshes also tend to have fewer ponds than unditched marshes (Adamowicz & Roman 2005 ; C.C. Bohlen, unpublished data). Ditching may drain existing ponds, but the intentional deposition of spoil, or ditch wastes, in pools during ditch construction (Sebold 1998 ) also accounts for differences in pool area. Many have suggested that decreased use of ditched marshes by birds is due to the loss of these ponds (e.g., Clarke et al. 1984) . Bird conservation groups have been some of the biggest proponents for alternative mosquito control techniques and ditch restorations (ditch plugging; ). Tidal restriction. Tidal restrictions limit tidal influence on upriver marsh areas. Restrictions occur under roads and railway crossings where culverts do not permit full tidal exchange, and are often exacerbated by tide gates. Berms or dikes restrict sheet flow across marshes (Buchsbaum 2001) . Tidal mills and dams block tidal and freshwater drainage for reservoir creation. Crain et al. (2008) investigated the spatial extent of tidal restrictions in Maine salt marshes and found that in 3193 ha of tidal marsh, 57 restrictions affected 903 ha (28%) of upriver tidal marsh. Moreover, 33 additional restrictions occurred at an abrupt transition from fresh to tidal marsh, underscoring the hidden impacts of head of tide restrictions on fresh tidal and brackish marshes. Restrictions are likely more common in more developed areas.
Tidal restrictions limit marine influence upriver, and impounded marshes become fresher and receive less input of inorganic sediments. Complete restriction converts impounded marsh to freshwater wetland, resulting in vegetation shifts from halophytic to glycophytic species, often including P. australis (Roman et al. 1984) . In some cases, tidal restrictions have negatively impacted fish, as evidenced by a positive response of fish to restriction removal (e.g., Roman et al. 2002) , although in other instances, no change was observed (e.g., Raposa et al. 2003) . Tidal restriction greatly disrupts biogeochemical cycling. The impacts of tidal restriction lead to whole marsh subsidence in similar ways to the dikes described above, endangering wetland fauna (Soukup & Portnoy 1986 ) and complicating restoration efforts (Portnoy 1999 ).
Pollution and Eutrophication
Metal pollution. Salt marshes are depositional environments for suspended particulate matter and associated nutrients and metals (Nixon 1980) . This process occurs naturally through geochemical weathering, but in close proximity to urban and industrial areas, anthropogenic levels have eclipsed natural inputs. Leendertse et al. (1996) found that sediments and vegetation in experimental salt marshes absorbed and transformed 30-65% of deposited metals and concluded that salt marshes are sinks for metal contamination except during major erosion events. In an extreme example, in the historical mining area of Mar Menor, Spain, mean salt marsh sediment concentrations of Cu (>190 mg kg −1 ), Pb (8016 ± 4077 mg kg −1 ), Mn (>2000 mg kg −1 ), and Zn (6944 ± 8280 mg kg −1 ) exceeded European environmental and health criteria (Álvarez-Rogel et al. 2004) .
In anoxic marine soils, free metal ions are precipitated as metal sulfides of low solubility, making deeper sediments of salt marshes stable repositories for pollutants in the absence of bioturbation or other oxidation of soils (Weis & Weis 2004 , Williams et al. 1994 . The ability of marsh plant species to oxygenate the rhizosphere locally mobilizes metals, increasing bioavailability and uptake (Weis & Weis 2004 ). There has been widespread interest in salt marsh plants as bioindicators and phytoremediators of pollutants. The effects of most environmental contaminants on salt marsh plants is beyond the scope of this review, but we summarize some important findings below.
Heavy metal uptake has rarely been found to have detrimental effects on plant growth or fitness (Giblin et al. 1980 , Suntornvongsagul et al. 2007 ), although at the physiological level, it inhibits photosynthetic activity (Weis & Weis 2004 ). The adaptations of halophytes for dealing with salt stress, such as cellular compartmentalization of solutes and excretion through salt glands, may allow for higher tolerance of metals (Williams et al. 1994 , Windham et al. 2001 . Several scientists, noting the capacity of P. australis to take up and store belowground a variety of metals, have recommended P. australis as a phytoremediator of Hg, Mg, and Cr contamination (Weis & Weis 2004 , Windham et al. 2001 .
Though salt marsh plants have proved resistant to metal pollution, there is concern that resuspended metals pollute marine systems and that plant translocation of sediment-bound metals introduces contaminants into estuarine food webs. For example, Giblin et al. (1980) found that metals in S. alterniflora detritus were taken up by fiddler crabs, and metals are often found concentrated in bivalves near contaminated sites (Conesa & Jiménez-Cárceles 2007 , Leendertse et al. 1996 . It is not clear if the concentrations of toxins in marine animals affect their fitness or survival.
Eutrophication. Like metals, nutrients are taken up and transformed by salt marsh sediments and plants, and salt marshes can act as long-term nutrient sinks (Valiela & Teal 1979) . Most salt marsh plants are nitrogen limited under natural conditions, and relief of nitrogen limitation results in an increase in aboveground plant height and biomass, often accompanied by a reduction in belowground biomass ( Jefferies & Perkins 1977 , Kiehl et al. 1997 , Valiela et al. 1976 ).
An abundance of nutrients alters competitive hierarchies of salt marsh plant species, resulting in restructured plant zonation . In New England salt marshes, extreme nutrient release causes a landward shift in S. alterniflora and a seaward shift in P. australis, such that zonal dominants at intermediate elevations can be entirely outcompeted . Bertness et al. (2002) identified nutrient-rich runoff from human development as a proximate cause for P. australis invasion. Removal of upland forest for upland development allows more nitrogenladen freshwater to reach the marsh, conditions that favor P. australis growth (Silliman & Bertness 2004 ). In the Wadden Sea, long-term vegetation change in salt marshes has also been attributed to eutrophication. There, the high marsh grass Elymus athericus increases at the expense of Festuca rubra in eutrophied marshes (Rozema et al. 2000) .
Additional evidence of the ecological impacts of eutrophication comes from a catchment-scale experimental addition of nitrate and phosphate, designed specifically to examine ecosystem-level linkages and interactions between nutrient enrichment, biological composition, and biogeochemical cycling (Deegan et al. 2007 ). After two years of low-level nutrient addition (30 g N/m −2 /yr −1 over 60,000 m 2 /treatment), consistent increases in aboveground biomass in S. alterniflora and possibly in S. patens have been observed. Nutrient enrichment also seems to have triggered topdown control of microalgae by killifish, which do not control algal biomass in nutrient-limited conditions (Deegan et al. 2007) . Though this result might seem surprising, increases in consumer control in response to anthropogenic triggers have become increasingly common.
Changes in Consumer Control
Although the impacts discussed above stem directly from human action, some of the most important contemporary human impacts in salt marshes are only indirectly connected to human activities. In many ways, these indirect impacts are much more dangerous because we lack the ability, as yet, to directly predict or control them.
Historically, salt marshes were thought to be controlled exclusively by physical forces such as temperature, salinity, and nutrients. This paradigm grew from work by Eugene Odum (1971) and John Teal (1962) on Sapelo Island, Georgia that stressed the dominant role of physical factors in regulating ecosystem productivity and structure. The importance of consumers, although not tested experimentally, was largely disregarded and the dogma that herbivores are unimportant became entrenched in the conceptual understanding of coastal wetlands (Nixon 1982 , Smalley 1960 . There is mounting evidence, however, that human disturbances are triggering consumer control in salt marshes, often with catastrophic consequences .
The first strong evidence that human disturbance was turning on consumer pressure came from sub-Arctic Canada ( Jefferies 1997) . By the 1980s, the snow geese that annually migrated to Hudson Bay had switched from feeding in disappearing temperate zone wetlands to feeding in heavily fertilized agricultural fields. Consequently, snow geese populations nearly tripled in a decade, leading to runaway consumption and the denuding of extensive areas of Arctic marshes (currently >37,000 ha in southern Hudson Bay alone). This collapse was driven by intensive goose grubbing of plant roots that led to low plant cover and hypersaline, anoxic soil conditions. This soil stress created a negative feedback loop as adjacent vegetation died, soil salinity increased, and plants that recruited into newly denuded areas died from osmotic stress, preventing recovery. These cascading events, leading to system collapse, were initiated by the luxuriant use of artificial nitrogen fertilizer in the temperate zone.
Similar marsh die-offs, occurring for nearly two decades on the southeastern and Gulf coasts of the United States, have impacted more than 250,000 ha and received considerable media and scientific attention. Until recently, these die-offs were attributed solely to harsh physical conditions killing marsh plants. Simple field experiments, however, have revealed that high densities of the marsh snail Littoraria irrorata can entirely denude stands of marsh cordgrass (>2.5 m tall) in less than a growing season by facilitating lethal fungal infection in vertical grazing scars on leaf surfaces , Silliman & Newell 2003 , Silliman & Zieman 2001 . Historically, snail densities were largely controlled by predators, such as blue crabs and terrapins, which have been overharvested and now suffer from diseases and other maladies associated with small population size. This release of top-down pressure has potentially led to increased snail densities . Compounding increased consumer densities, drought stress, ostensibly a product of human-driven climate change, has elevated soil salinities throughout southeastern marshes and increased the vulnerability of S. alterniflora to consumer control by snails (Silliman et al. 2005) . Simultaneous sublethal drought and high grazer density is often lethal to the foundation marsh grasses, reducing the services salt marshes provide. When physical and biological stressors act synergistically to kill marsh grasses, exposed mudflats emerge and waves of snails propel cascading vegetation loss (Figure 2) .
More recently discovered examples of consumer control regulating plant biomass in marshes suggest a general trend. On the Atlantic coast of South America, salt marshes are dominated by extraordinarily high densities of the burrowing shore crab Chasmagnathus granulata, a voracious herbivore of the marsh grass S. densiflora (up to 60 individuals/m 2 with burrows covering up to 40% of the surface) (Bortolus & Iribarne 1999) . Recent crab removal experiments have revealed that bare areas, commonly making up half of the marsh habitat, are created and maintained by crab herbivory (Alberti et al. 2007 , Alberti et al. 2008 (Figure 3) . We suspect that the high densities of Chasmagnathus are at least in part due to the overfishing of predators. On the Atlantic coast of North America, the primary production of pristine marshes is controlled by nitrogen availability, but nitrogen additions trigger insect herbivory and suppress primary production by nearly 60%. Insect herbivores are already suppressing the primary production of human disturbed salt marshes in Narragansett Bay by nearly 40% .
Most recently, reports of extensive die-offs of New England salt marshes on Cape Cod have received considerable media attention, but research has not addressed their cause. Not surprisingly, physical processes have been suspected to be causal, but current studies suggest that herbivory by a common nocturnal crab, Sesarma reticulatum, is playing a major role. Sesarma herbivory has already denuded up to 90% of creek banks in more than 70% of outer Cape Cod salt marshes (C. Holdredge, M. Bertness & A.H. Altieri, manuscript submitted) . Release from predation appears to be triggering elevated Sesarma densities and prompting these die-offs (Figure 1d ).
Invasive herbivores have also contributed to increased consumer control in salt marshes. On the southeastern and Gulf coasts of the United States, introduced nutria have led to consumer control of marsh vegetation (Gough & Grace 1998) .
Together, these examples indicate that human impacts that alter animal populations in salt marshes, such as nitrogen pollution, overharvesting of top predators, climate change, and exotic consumer invasions, can have cascading effects on ecosystems once thought to be under little or no consumer control.
Figure 3
Bare zone in the Mar Chiquita lagoon salt marsh in central Argentina. These bare zones are maintained by herbivory by the crab Chasmagnathus granulata. When Spartina densiflora is transplanted into the bare zone it is eaten, unless it is caged and protected from crabs (inset).
Climate Change
Like changes in consumer control, climate change is a global and accidental force caused by human activity. Great uncertainty remains regarding the impacts the shifting climate will have on salt marshes, and the ultimate response of marsh ecosystems could affect the degree of climate change, potentially moderating or exacerbating warming. This feedback is due to the exceptional capacity of salt marshes to act as carbon sinks. Chmura et al. (2003) estimated that on an area basis, tidal wetlands (salt marshes and mangroves) sequester 10 times more carbon than peatlands (210 g CO 2 m −2 year −1 versus 20-30 g CO 2 m −2 year −1 in peatlands), in part because saline wetlands emit less methane and CO 2 than freshwater wetlands. Climate-related changes to the carbon cycle are likely to alter the sequestration service provided by salt marshes, as well as affect long-term rates of salt marsh accretion and the ability of marshes to keep pace with sea level rise in ways that are still unclear.
CO 2 . Anthropogenic increases in atmospheric CO 2 , the major driver of climate change, will affect salt marsh plant species differentially. Due to differences in their treatment of CO 2 at the cellular level, C 3 plants are expected to respond more positively to CO 2 increases than C 4 plants, a hypothesis that has been supported by field experiments that manipulate CO 2 concentrations (Ainsworth & Long 2005) . In a brackish tidal marsh in the Chesapeake Bay, the experimental doubling of CO 2 concentrations elicited a sustained biomass increase in Scirpus olneyi, a C 3 sedge, in control plots over 18 years (Erickson et al. 2007 ).
Salt marshes dominated by C 4 grasses, such as Spartina and Phragmites spp., may respond differently. In the Chesapeake Bay study, the C 4 grasses S. patens and Distichlis spicata did not grow more rapidly under elevated CO 2 conditions. Growth chamber studies have also found no growth response in European C 4 salt marsh species reared in elevated CO 2 conditions (Lenssen et al.
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1993, Rozema et al. 1991) . This evidence suggests that the response of salt marshes to elevated CO 2 will be dependent on plant composition and that higher concentrations of CO 2 will favor compositional shifts toward C 3 plants, as C 4 plants are gradually outproduced and outcompeted.
Temperature change. Climate change could alter the geographical distribution of salt marshes, which currently span temperate and arctic latitudes from 30
• to 80
• (Chapman 1977) (Figure 1) , and salt marsh plant species and could also affect ecosystem productivity. The productivity of salt marshes is tied to latitude and climate; greater productivity occurs at lower latitudes (Turner 1976) . Although this relationship exists, it has not been well characterized. Experiments are underway to determine the connection between temperature and marsh productivity.
Storm intensity. With climate change, the intensity of hurricanes is expected to increase (IPCC 2007) . As the first line of coastal defense, salt marshes are greatly affected by storms. In the longterm, the magnitude of the ecological disturbance caused by storms is less in marshes than in terrestrial habitats (Michener et al. 1997) . Salt marshes were the only habitat on Cape Cod with little reported damage from Hurricane Bob in 1991, probably because, unlike other upland salt marsh organisms, species are highly adapted to salt stress and inundation (Valiela et al. 1998) . Coastal storms do, however, have short-lived effects in salt marsh communities. Storm surges push salt water up estuarine gradients, raising salinities in brackish and freshwater tidal marshes and temporarily shifting plant distributions. Floodwaters can drown salt marsh mammals and ground-nesting birds, causing brief and localized population declines (Michener et al. 1997) .
Storm-delivered sediments are an essential part of the sediment budgets of many marshes (Conner et al. 1989 , Turner et al. 2006 , but the contribution of storm sediments to total accretion varies greatly; at some sites, especially in marshes already degraded by human impacts, storms can cause a net loss in elevation (Cahoon 2006 ). Cahoon (2006) found varying effects of storms on marsh elevation, including increases due to sediment deposition and stimulation of root growth and decreases due to erosion and compaction of soils. Increases in storm intensity will likely increase interannual and intermarsh variability in sedimentation rates. Sea level rise. Historically, sea level rise has been integral to sediment delivery and geologic development of the salt marsh. As rates of sea level rise have increased, rates of salt marsh accretion have also hastened, sometimes exceeding sea level rise rates over the short term (Nixon 1980 , Roman et al. 1997 ). However, as sea level rise continues to accelerate, there is concern that the rate of sea level rise will outpace the rate of accretion and salt marshes will drown.
Sea level rise effects manifest in salt marshes in two different ways: 1) landward migration of salt marsh vegetation zones and submergence at lower elevations, and 2) interior ponding and marsh drowning.
The landward migration of low-marsh and high-marsh vegetation zones has been attributed to sea level rise in New England salt marshes. Donnelly & Bertness (2001) observed a rapid landward expansion of S. alterniflora over the past 200 years, coincident with an acceleration in the rate of sea level rise. Warren & Niering (1993) compared vegetation cover data and peat profiles from 1947 and 1987 and found an increase in forbs and stunted S. alterniflora and a decrease in S. patens and Juncus gerardii in the high marsh. Because stunted S. alterniflora and salt marsh forbs generally occur in more waterlogged soil conditions, these results are also consistent with sea level rise. Sea level rise has eroded the seaward edge of European salt marshes (e.g., Day et al. 1998) . Seaward habitats may replace salt marsh during landward migration; sea level rise is contributing to the replacement of salt marsh by mangroves in Australia (Rogers et al. 2005) (Figure 1e) . Rising water levels are particularly worrisome because in many areas the response of plant communities is constrained by steep shorelines and human structures.
The high marsh may be particularly vulnerable to drowning. Productivity of low marsh S. alterniflora increases with inundation (to a point), leading Morris et al. (2002) to suggest that increases in accretion linked to plant productivity are a stabilizing mechanism that allows S. alterniflora marshes to respond to variation in sea level. However, in the high marsh, many plants are less productive when inundated and accrete more slowly, a feedback that can quickly transform high marsh into open water. In Chesapeake Bay and Mississippi River delta marshes, sea level rise has caused an increase in high marsh ponding (Barras et al. 2004 , Kearney et al. 1988 ) (Figure 1c) , although sediment starvation and hydrologic alteration have also contributed to the subsidence (Turner 1997 , Ward et al. 1998 .
Despite uncertainty about many of the potential effects of climate change on marshland, it seems clear that sea level rise will profoundly alter salt marshes by causing migrations of plant species and their associated fauna as well as marsh drowning.
RESTORATION, CONSERVATION, AND MANAGEMENT
After millennia of human exploitation of salt marsh resources and services, a new human impact has gained momentum in recent years: restoration. As policymakers and coastal dwellers have gained an appreciation for the natural ecosystem services of marshland, attempts have been made to prevent degradation and reverse historical changes. These efforts have taken many forms, and we discuss several of them, again in the context of human action and ecosystem services.
Restoration to Preimpact or Reference Conditions
One approach to restoration holds pristine conditions of salt marshes in the highest regard, with the expectation that many of the ecosystem services we depend on, such as carbon and nutrient sequestration, coastal defense, and wildlife habitat, are maximized in natural and healthy marshes. This is the most familiar concept of restoration, in which the aim is to replicate conditions in a nearby unimpacted marsh site (Neckles et al. 2002) . This type of restoration includes invasive species eradications and removals of tidal restrictions.
In Delaware Bay, for example, the Public Service Enterprise Group (PSEG), a power utility, has begun restoring 4000 ha of degraded salt marsh to compensate for environmental impacts of the company's nuclear power generation. The PSEG project includes breaching formerly diked salt hay farms and removing invasive P. australis with herbicide to restore natural function and ecosystem services (Balletto et al. 2005) . In California, more than 6000 ha of commercial salt ponds, formerly owned by Cargill Salt Company, are being restored to tidal marsh with the goal of increasing natural habitat in San Francisco Bay, in part to improve flood protection and water quality (Shoreline Study 2005) .
In some places, created marshlands have been built to offset previous losses. Marsh is built with dredged material deposited in shallow subtidal areas, and sometimes plant regrowth is initiated with plantings (Posey et al. 1997) . Although these created wetlands are meant to restore the full suite of ecosystem services of a natural marsh, debate continues about whether created marshes are functionally equivalent to natural marshes (Moy & Levin 1991 , Posey et al. 1997 ).
Restoration to Maximize a Single Ecosystem Service
Where salt marshes can prevent or remediate environmental damage through optimization of a single ecosystem service, restorations are designed for this purpose.
Small wetlands next to airports, highways, industrial complexes, and landfills have been constructed and managed to intercept polluted runoff water. Contrary to other types of restorations, in these marshes P. australis is encouraged to grow for its ability to take up and transform nutrients and heavy metals (Shutes 2001) . A transgenic line of S. alterniflora that can break down mercury has been developed for phytoremediation activities (Czakó et al. 2006) . Phytoremediation marshes have been managed and constructed mainly at small scales, but large-scale application, or nitrogen farming, has been proposed as a solution to the agricultural pollution problem of the Mississippi River watershed (Hey 2002) .
Many coastal managers desire to preserve or restore salt marshes for the express purpose of defense against sea level rise. Managed retreat, as this goal is known in England, reverts reclaimed land to intertidal marsh and mudflat by moving dikes or seawalls inland to create a more natural coastal flood buffer (Hazelden & Boorman 2001) . In 2002, approximately 200 ha of salt marsh in England were restored in experimental tests of managed retreat (Pethick 2002) . The feasibility of large-scale application of managed retreat remains in question.
Although in some instances these single-service sites incidentally provide secondary benefits, such as recreational land or carbon storage, an integrated management approach to maximize all ecosystem services would better serve coastal populations. With a full suite of species and ecosystem functions, salt marshes will be better prepared to cope with the next indirect and unpredicted human impact.
CONCLUSION
The many ecosystem services, natural accessibility, and productivity of salt marshes have made them attractive ecosystems for exploitation and human use throughout history. Human impacts of resource exploitation, reclamation, coastal engineering, and pollution have altered so many marshes that the ecosystem services of the remaining degraded salt marshes are insufficient for many coastal populations. Management has sought to restore some services in many parts of the globe, but an integrated approach, with simultaneous consideration of all ecosystem services, is needed.
The current most pressing impacts in marshes are invasive species fundamentally altering salt marsh community structure, unexpected consumer effects ravaging marsh vegetation, and the relatively unexplored and multifaceted effects of climate change.
FUTURE ISSUES
1. Further work is needed to determine how and why shifts in regulating mechanisms of salt marshes are occurring worldwide and to identify the drivers.
2. Experiments must be used to test the relative importance of driving forces that can cause salt marsh degradation.
3. The effects of multiple stressors on salt marsh communities have rarely been examined, but when investigated, have had unexpected and synergistic consequences (e.g., eutrophication exacerbates species invasions, drought and overfishing make S. alterniflora more vulnerable to consumer effects). Salt marshes are experiencing simultaneous changes in climate and food web structure owing to direct and indirect effects of human activities. We recommend further multistressor experiments be undertaken in salt marsh communities.
4. We recommend multipriority management schemes (ecosystem-based management).
